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ABSTRACT

This paper will discuss the development of the University of Florida's Micro Air Vehicle

concept. A series of flexible wing based aircraft that possess highly desirable flight

characteristics were developed. Since computational methods to accurately model flight at the

low Reynolds numbers associated with this scale are still under development, our effort has

relied heavily on trial and error. Hence a time efficient method was developed to rapidly

produce prototype designs. The airframe and wings are fabricated using a unique process that

incorporates carbon fiber composite construction. Prototypes can be fabricated in around five

man-hours, allowing many design revisions to be tested in a short period of time. The resulting

aircraft are far more durable, yet lighter, than their conventional counterparts. This process

allows for thorough testing of each design in order to determine what changes were required on

the next prototype. The use of carbon fiber allows for wing flexibility without sacrificing

durability. The construction methods developed for this project were the enab#ng technology

that allowed us to implement our designs. The resulting aircraft were the winning entries in the

International Micro Air Vehicle Competition for the past two years. Details of the construction

method are provided in this paper along with a background on our flexible wing concept.
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1. INTRODUCTION

Micro air vehicles, or "MAVs", are designated by DARPA as a class of aircraft with a maximum

size of 6 inches and are capable of operating at speeds of 25 mph or less (Mueller, T. J. 2000).

The concept is for a small, inexpensive and expendable platform that can be used for surveillance
and measurement missions in situations where larger vehicles are not practical. For example,

they can be used for small unit battlefield surveillance, mapping out the extent of

chemical/radiation spills or viral outbreaks as well as more routine applications such as

monitoring crops or wildlife distributions. Many potential uses involve launching large numbers



of MAVs to securethe necessarycoveragewith the intrinsically"closeup" type of maneuvering
allowedby a micro-sizedaircraft. In someapplications,MAVs couldbeusedin swarmsor sent
to a pre-designatedgrid to collect and transmit data. Practical applicationsof MAVs are
becomingmoreachievablewith the ever-decreasingsizeandweightof the payloadcomponents
that canincludevideocameras,chemicalsensors,electronics,andcommunicationdevices. Only
a few yearsago thethought of a 6-inchflying machineequippedwith afunctionalvideocamera
wassciencefiction. Todayit is areality.

It is well known that in the Reynoldsnumberrangebetween 10,000 and 100,000,which
correspondsto the MAV size rangeidentified by DARPA, the aerodynamicperformanceof
conventionalairfoils is dramaticallyreduced. Figure 1 illustratesthis phenomenonin a plot that
describesthe markeddrop in the lift to drag performanceasa functionof Reynoldsnumberfor
all smooth,rigid airfoils. Thisplot clearlyillustratesthat thedesignrulesthat havebeenadopted
for large aircraft cannotbe scaleddown to the MAV scale.With smooth, rigid wings in this
Reynolds number range, the laminar flow that prevails is easily separated,creating large
separationbubbles,especiallyat higheranglesof attack(Mueller,T. J.,1985). Flow separation
leadsto suddenincreasesindragandlossof efficiency.
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Fig. 1. Dependence of L/D on Reynolds Number

In nature, the relationship between Reynolds number and aerodynamic efficiency can be

observed in birds where large species soar for extended periods of time while small birds have to

flap vigorously (at high frequency) to remain airborne. The Reynolds numbers of the larger

species are well above 100,000 whereas hummingbirds would fly at below 10,000 if they

attempted to soar. Additionally, the wing loading for small birds must be less than that for large
birds.

Another major obstacle for flight at this small scale is the diminished stability and control

characteristics that accompany the small mass moments of inertia of these tiny aircraft. Also, the



velocity scaleof theturbulencenaturallyexhibitedby the atmosphereis comparableto theflight
speedof thesevehicles. Therefore,variationsin airspeedover the wing canbe large,and can
even causevariationsfrom one wing to the other, leadingto difficulty in maintainingsmooth
flight. Thesefactorsmakecontrolof theseaircraftdifficult, both for a remoteoperatoror anon-
boardautopilot. Othertechnicalchallengesassociatedwith flight on the 6-inchscaleincludethe
needto provide reliablepropulsionandminiaturizationof componentsincludingthe electronics
andactuatorsfor thecontrol surfaces.

In the questto developpracticalMAVs, two approacheshavebeenfollowedsofar. Thefirst and
most popular is to configurethe airframeas a lifting body or flying wing using conventional
propellerdriventhrust. In this approach,the emphasisis to increasethe relativeareaof the
lifting surfacewhile decreasingdrag, directly addressingthe decreasein the aerodynamic
efficiency,andignoring issuesof stabilityand control. In order for thesedesignsto fly at all,
active stability augmentationsystemsare usually required. In nature,however,there are no
examplesof lifting bodiesor flying wings. All birds and batshavewell definedwings and a
fuselage.Thesecondapproachthat hasbeenexploredon theMAV scaleis thedirectmimicryof
birds (Ellington,C. P., 1984andFramptonet al,2000). By flapping,birdsproduceboth lift and
thrust. Researchershavedemonstratedflapping mechanismsin the lab environment,but have
yet to producepracticalcontrolled flight vehicles. Complexcontrol issuesand high power
consumptionremainasformidablechallengesfor thistypeof MAV.

Previousstudies,documentedin Shyyet al. (1996, 1997, 1999), Smithand Shyy(1995), and
Jenkinset al. (1998), indicatethat analternateapproach,specificallyallowingthe lifting surface
to deform,can leadto more favorableaerodynamicperformancein a fluctuatinglow Reynolds
numberenvironment. Thesefindingshelpedlead to the Universityof Florida's flexible wing
concept,whichwe havebeenapplyingto successfulMAVs over the pasttwo years. We utilize
conventionalpropellerdriventhrust in combinationwith an adaptive-shape,flexiblewing that
adaptsto flight conditionsand also developsa stablelimit cycleoscillationduring flight. We
believe that the behavior of our flexible wing may be a technologythat will lead to more
practicalmicro air vehiclesin thefuture.

Our wings were developedto producesmoothflight evenin gusty wind conditions. It is our
view that in order to producethe bestoverallflight characteristics,one mustfirst start with an
airplanethat is intrinsicallystable. This is accomplishedvia the adaptivenatureof thewing as
well as its naturaloscillation. Our aircraftcanbe flown by noviceto averageRC pilots,without
the aid of gyro enhancedstabilization. We havedemonstratedthemeritsof theseMAVs at the
InternationalMicro Air VehicleCompetitionby winningthe eventthe last two yearsin a row.
WehavesuccessfullydemonstratedMAVs with amaximumdimensionassmallas5-inches.

2. FLEXIBLE WING MICRO AIR VEHICLE

The development of our flexible wing utilizes a combination of biologically inspired design and

the use of modern composite materials. The wing is thin and undercambered as are those of

small birds and bats. The micro air vehicle that we have developed is constructed with a carbon

fiber skeleton and thin membrane materials. In the fuselage we use a low stretch, tough mono-

film covering and on the wing we use an extensible latex rubber membrane. The configuration is

a departure from the traditional flying wing or lifting body design. It has a distinct fuselage and

wing, more similar to that of birds and bats. The MAV shown in Fig. 2 is the product of more



than one year of design iteration using flight tests and pilot feedback as the primary method of

evaluation. Figure 3 shows video footage taken from the ground of our 6 inch MAV. The insert
shows the view from the on-board video camera.

The shape of the wing allows for the maximum lifting surface while staying within a 6-inch

diameter sphere. In order to define the design space for our flexible wing we built numerous

prototypes to learn how the geometry of the carbon fiber skeleton affects the flight
characteristics.
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Fig, 2. The 6-inch maximum dimension MAV with video camera.

Fig. 3. View of MAV from the ground and video footage from on board.



In order to explore the limit of current technologies and to facilitate vehicle development in a

timely fashion, our strategy to date has been to use off-the-shelf components. The servos,

receivers, batteries, motor, video cameras and transmitters used in the prototype MAV can all be

purchased via mail order• A fully equipped (with video camera and transmitter) aircraft costs
less than $500.

Our typical 6-inch MAV flies at airspeeds between 15 and 35 mph and can fly for up to five

minutes. The overall flying weight is 55 grams with a useful payload of an additional 28 grams.

For our competition MAVs, we use most of the payload for our video camera and transmitter,

which total to about 16 grams.

The flexible nature of the wings can provide several non-obvious advantages over their

conventional rigid counterparts. The wings fabricated with a carbon fiber skeleton and

extensible latex rubber skin have the ability to adapt to the airflow to provide smoother flight.

This is accomplished via the passive mechanism of adaptive washout. In sailing vessels adaptive

washout is produced through twist of the sail. This greatly extends the wind range of the sail and

produces more constant thrust (lift), even in gusty wind conditions. In the wings that we have

designed, the shape changes as a function of the airspeed and the angle of attack. The adaptive

washout is produced through extension of the membrane and twisting of the framework,

resulting in angle of attack changes along the length of the wing in response to air speed and

overall angle of attack• For example, as the plane hits a head-on wind gust the airspeed suddenly

increases. The increased airspeed causes a shape change in the wing which decreases the liffing

efficiency, but because the airspeed in the gust is higher, the wing maintains nearly the same lit_.

Once the airspeed decreases, the wing recovers to the original configuration. If there is a

decrease in the relative airspeed, the angle of attack increases and the wing becomes more

efficient and near constant lift is restored• The net result is a wing that flies with exceptional

smoothness, even in gusty wind conditions. The adaptive washout mechanism is subtle and must

be tuned into the wings in order to work effectively. We have built hundreds of wing

configurations and have been able to produce many wings with remarkably smooth flying

characteristics. Figure 5 illustrates the flexible nature of our wing.
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Fig. 5. The wings flex, even under small aerodynamic loads.



For aircraft with very small inertia, as in the case of MAVs, changes in wing loading can

immediately affect the flight path. As the aircraft becomes smaller and lighter the need for

suppressing the effects of wind gusts becomes more critical, especially if it is to be used as a

camera platform. Additionally, as the airspeed of the vehicle decreases, wind gusts become a

larger percentage of the mean airspeed of the vehicle. For example, our 6-inch aircraft flies

between 15 and 35 mph. On a typical day the wind speed can vary by more than 10 mph. For

rigid wings, the lift can easily vary by 50% or more over the short period of time during the gust.

To make matters more critical, gusts are not always head-on. Since control of these aircraft is

one of the most important hurdles, it is critical to suppress unwanted and sudden changes in

direction, elevation and orientation.

In nature, birds and bats display a similar form of adaptive washout. This passive mechanism

can be observed on windy days by large soaring birds. The feathers at the wing tips flair to

accommodate sudden changes in airspeed. To some extent, our design approach has been

biologically inspired. We have observed both birds and bats and have designed our wings to
have similar characteristics.

3. MICRO AIR VEHICLE COMPETITION

In 1997 the University of Florida established and hosted the First International Micro Air

Vehicle Competition. The objective was to fly the smallest aircraft (by maximum linear

dimension) and demonstrate its capabilities by completing a nominal mission. There were two

categories in the competition, surveillance and payload. In the surveillance category, the

competitors were to return an image to the launch area of a 1.5-meter alphanumeric symbol

surrounded by a 1-meter high wall that was placed on the ground 600 meters from the launch

area. The aircraft needed to be flown through a video camera/transmitter, since the target was so

far from the launch area. In the payload category the aircraft were required to carry a two-ounce

block of aluminum for two minutes and land on the field. In the first two years of the

competition, Steven Morris from MLB company won the surveillance competition. His smallest

aircraft had a maximum dimension of 14.5 inches. In 1999 the University of Florida entered its

first flexible wing aircraft. That year we won both the surveillance and payload categories using

a 12-inch maximum dimension aircraft. In May 2000, the competition was hosted by Arizona

State University at Fort Huachuca, Arizona at a field elevation of one mile. Once again, with

designs that utilized the flexible wing concept, the University of Florida won both categories of

the competition with a 10-inch aircraft in the surveillance competition and an 11-inch aircraft in

the payload category.

In addition to MAVs intended for the competition, we have flight tested other MAVs that were

as small as 5 inches. Our 6 inch MAV can be flown by an average RC pilot and can fly for more

than five minutes, and is capable of aerobatic maneuvers including axial rolls, loops and

hovering flight. We have also produced the worlds smallest aircraft (5-inch maximum

dimension) built with off the shelf components and the world's smallest aircraft without active

stability control.



4. COMPOSITE CONSTRUCTION METHODS

Thus far we have relied on an Edisonian approach to design our aircra_. No mathematical

models would have lead to the development of our new concept. Our philosophy was simply to

build many designs and flight-test them while carefully observing their flight characteristics. In

order to use this approach we made some significant advances in the construction methods so

that design iterations could be made quickly and each design could be thoroughly tested. The

construction methods developed for this project were the enabling technology that allowed us to

implement our designs. We make our airframes using unidirectional carbon fiber prepreg,

Kevlar thread, and tough mono-film materials. Most of the materials are integrated and vacuum

bag cured all at once. Each aircraf_ can be designed, built and ready to fly within five man-

hours. The resulting MAVs are nearly indestructible (since they have no landing gear this is a

must), yet are lighter than the conventional balsa wood counterpart. Each design is flight-tested

and evaluated by the pilots and observers for flight characteristics including stability of flight,

payload capacity and maneuverability.

The following step-by-step construction techniques used to fabricate a MAV fuselage and wing
are described here.

4.1 Fuselage Construction

Step 1. A drawing is made of the fuselage panels to act as a guide for placement of the carbon

fiber

Step 2. The drawing is taped onto the fiat tool.

Step 3. Transparent skin material (Vacuum bag material) is then placed over the drawing

Step 4. Unidirectional carbon fiber tape is cut into long narrow tacky strips.
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Step 5. The carbon fiber strips are placed on the transparent skin material manually using the

drawing as a guide or by automated process• Multiple layers are used in places where high

stiffness is required. Overlap at the corners assures a mechanically sound joint.

Step 6. Hinge material is placed between layers of carbon fiber at the location of the control

surfaces.

Step 7. Nonporous Teflon release film is then placed over the assembly.

Step 8. The assembly is then placed into a vacuum bag and subsequently into a vacuum oven for

cure.
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Step 9. Aider the cure cycle is complete, the parts are removed from the bag. The fuselage panels

are then cut out.

Step 10. The parts are glued together with cyanoacrylate adhesive.

Step 11. Kevlar thread is used to lash the parts together. Without lashing, the glue joints would
fail.

Step 12. The motor, servos, receiver, control rods and horns are installed.
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4.2 Wing Construction

Step 1. A drawing is made of the wing planform to act as a guide for carbon fiber placement.

Step 2. The drawing is taped onto a curved tool.

Step 4. A layer of nonporous Teflon release film is placed over the drawing.

Step 4. Unidirectional carbon fiber tape is cut into long narrow tacky strips.
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Step 5. The carbon fiber strips are placed on the release film using the drawing as a guide.

Multiple layers are used in places where high stiffness is required. Overlap at the comers

assures a mechanically sound joint.

Step 6. Nonporous Teflon release film is then placed over the assembly.

Step 7. The assembly is then placed into a vacuum bag and subsequently into a vacuum oven for

cure.

Step 8. After the cure cycle is complete, the carbon fiber wing skeleton in separated from the
tool.

Step 9. Spray mount adhesive is applied to the skeleton.

Step 10. Thin latex rubber material is then applied to the wing.

Step 11. Cyanoacrylate adhesive is used to reinforce the bond line.

Step 12. Excess latex rubber is trimmed away.
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CONCLUSION

A novel design for Micro Air Vehicles (MAVs) has been developed at the University of Florida.

The design has been proven successful, winning both the 1999 and 2000 International MAV

competitions sponsored by the National Science Foundation and Lockheed Martin. Above all,

lightweight construction was required of this process since wing loading issues are critical on the
MAV scale. Other considerations for creating the process were speed of fabrication to allow for

rapid iteration of prototypes, durability to allow for thorough flight testing without down time for

repair, and flexibility to facilitate the investigation of our flexible wing concept. The key

technology that allowed us to meet all of these requirements was the use of carbon fiber

composite materials. Using this process, an entire flight vehicle can be constructed in only 5

man-hours. Currently, these vehicles are made using only off`the shelf components (electronics,

servos, motor, batteries, etc.). The smallest of these vehicles which has been successfully flight

tested to date has a maximum dimension of 5 inches and can be flown by an average hobby R/C

pilot. The flexible wing has been shown to exhibit excellent control characteristics to help

overcome the problems associated with the magnitude of wind gusts on the MAV scale. It has

also been shown to exhibit reduced susceptibility to flow separation at higher angles of attack.

The construction techniques using carbon fiber composites were the enabling technology that led

to the successful development of these vehicles.
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